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Human chorionic gonadotropin (hCG), purified from

the urine of 14 individuals with normal pregnancy,

diabetic pregnancy, hydatidiform mole, or choriocar-

cinoma, plus two hCG standard preparations, was

examined for concurrent peptide-sequence and aspar-

agine (N)- and serine (O)-linked carbohydrate het-

erogeneity. Protein-sequence analysis was used to

measure amino-terminal heterogeneity and the "nick-

ing" of internal peptide bonds. The use of high-pH

anion-exchange chromatography coupled with the

increased sensitivity of pulsed amperometric detec-

tion (HPAE/PAD) revealed that distinct proportions of

both hCG a- and (1-subunits from normal and aberrant

pregnancy are hyperglycosylated, and that it is the

extent of the specific subunit hyperglycosylation that

significantly increases in malignant disease.

Peptide-bond nickingwas restricted to a single linkage

((547-48) in normal and diabetic pregnancy, but

occurred attwo sites in standard preparations, at three

sites in hydatidiform mole, and at three sites in cho-

riocarcinoma p-subunit. In the carbohydrate moiety,

oc-subunit from normal pregnancy hCG contained non-

fucosylated,mono- and biantennary N- linked structures

(493 and 36.7%, means); fucosylated biantennaryand

triantennary oligosaccharides were also identified (7.3

and 6.9%). In choriocarcinoma a-subunit, the level of

fucosylated biantennary increased, offset by a parallel

decrease in the predominant biantennary structure

of normal pregnancy (P< 0.0001 ). The (J-subunit from

normal pregnancy hCG contained fucosylated and

nonfucosylated biantennary N-Iinked structures; how-

ever, mono- and triantennary oligosaccharides were

also identified (4.6 and 1 3.7%). For O-Iinked glycans,

in (J-subunit from normal pregnancy, disaccharide-

core structure predominated, whereas tetrasaccha-

ride-core structure was also detected (1 5.6%). A trend

was demonstrated in p-subunit: the proportions of the

nonpredominating N- and O-linked oligosaccharides

increased stepwise from normal pregnancy to hydatidi-

form mole to choriocarcinoma. The increases were: for

monoantennary oligosaccharide, 4.6 to 6-8 to 1 1 *2%; for

triantennary, 13.7 to 26.7 to 51.5% and, for O-linked

tetrasaccharide-core structure, 1 5.6 to 23.0 to 74.8%.

For hCG from individual diabetic pregnancy, the prin-

cipal N-linked structure (34.7%) was consistent with a

biantennary oligosaccharide previously reported only

in carcinoma; and sialylation of both N- and O-linked

antennaewas significantly decreased compared to that

of normal pregnancy. _ . .

Taken collectively, the distinctive patterns of subunit-

specific, predominant oligosaccharides appear to

reflectthe steric effect of local protein structure during

glycosylation processes. The evidence ofalternative or

"hyperbranched" glycoforms on both o> and ^-sub-

units, seen at low levels in normal pregnancy and at

increased or even predominant levels in malignant

disease, suggests alternative substrate accessibility for

Golgi processing enzymes, al ,6fucosyltransferasearid

MLacetylglucosaminyltransferase IV, in distinctpropor-

tions of subunit molecules.

Key Words: HCG a- and p-subunits; aberrant preg-

nancy; diabetic pregnancy; carcinoma; N- and O-linked

glycans.
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Human chorionic gonadotropin (hCG), a glycoprotein

hormone, is produced by normal trophoblast cells of the

placenta during pregnancy, by hyperplastic cells in hyda-

tidiform mole and malignant cells in choriocarcinoma, and

by testicular and other, nontrophoblasric neoplasms. The

binding ofhCG to plasma membrane receptors in dieovary

and testis activates the adenylate cyclase enzyme system.
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core O-linked oligosaccharides.

promoting steroidogenesis (J .2h During the early weeks of

pregnancy, the trophoblast secretion of hCG stimulates

ovarian production of progesterone, both hormones being

critical to successful implantation and maintenance of the

fetal graft. Additional, less-defined properties of hCG

include immune- and invasion-suppressive activities (3Ah
hCG is composed oftwo dissimilar subunits, designated

a and p. The primary sequence of a-subunit consists of

92 amino acids with 5 disulfide bonds and N-linked carbo-

hydrate attachment sites at aspaxagine residues Ct52 and

a78. Biological activity is conferred upon noncovalent

association with p-subunit (5). The peptide portion of

p-subunit consists of 1 45 amino acids with 6 disulfidebonds

and N-linked carbohydrate attachment sites at asparagine

residues p 13 and P30 (5.6). The most striking difference

between the protein sequence of the 0-subunit ofhCG and

those of the other glycoprotein hormones (LH, TSH, FSH)

is the inclusion of a 25- to 30-residue carboxy-terminal

extension. O-linked carbohydrate attachment sites arc

located on this serine/proline-rich domain at serine resi-

dues p!21, P127, 0132, and pl38 (Fig. 1).

The carbohydrate processing pathway ofhCG resembles

that of other secretory glycoproteins: in the' endoplasmic

reticulum, precursor oligosaccharide is transferred to two

asparaginyl residues ofeach nascenta- and
p-peptidedbain

(7 8)' as the combined ap dimer is transported through the

Golgi, glycosidase and glycosyltransferase activities com-

plete the processing of N-linked oligosaccharide and the

addition of O-linked oligosaccharide to the p carboxy-ter-

minal extension (9-11). The processes that lead to this

heterodimer with final glycosylate at eight sites are com-

plex, involving the critical folding of p^subunit both before

and after combination with a-subunit (12). The recent

determination of the crystal structure of hCG indicates a

cystine-knot motif similar to the core regions of platelet-

derived and transforming growth factors (6). Since bCG is

produced in normal, hyperplastic, and malignant cells, it is

a potential marker of cellular change and. as such, is of

particularinterest as a model for investigatingtheprocesses

of a normal invasive state (pregnancy) vs those of a malig-

nant condition.

Peptide heterogeneity has been reported at the ammo-

terminus of a-subunit and, in p-subunit, peptidc-bond

cleavages ("nicking") have been identified ( 13-1 7). In the

carbohydrate moiety, numerous permutations have been

reported in both the N- and the O-linked glycans ofhCG
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from normal pregnancy (J8-24)* In hCG from choriocar-

cinoma, unusual N-linked biantennary and triantennary

glycans (25) with extreme variation in the sialic acid con-

tent (26) and increased O-linked tetrasaecharide-core struc-

ture have been reported (23.24). Progressive changes in the

glycosylation content of the hCG produced as pregnancy

advances have also been described (27-29). The carbohy-

drate moiety has been shown to be essential for the biologi-

cal activity of hCG; complete or partial removal of the

N-linkcd oligosaccharides abolishes steroidogenesis,

although the precise nature of the structural involvement

remains uncertain (30).

Previous structural studies of hCG that focused on car-

bohydrate heterogeneity or on peptide integrity have been

limited to a few individual samples (purified and analyzed

by differing methodologies), to CR standard preparations

of hCG. or to subunit preparations purified from propri-

etary crude extracts of pooled pregnancy urine. The assess-

ment ofinherent heterogeneity is difficultwhen both varied

results and differing protocols are reported, while the

isolation ofhCG from commercial extracts raises concerns

regarding the inclusion of urine from abnormal pregnan-

cies, and the preferential selection or deletion of certain

forms of heterogeneity in the initial, unknown stages of

purification. In addition, any investigation ofhCG purified

from pooled samples cannot address die issue of heteroge-

neity, which is attributable to individusil variation. The pur-

pose of this study was to describe more thoroughly the

combined peptide and carbohydrate heterogeneity ofhCG.

To this aim, we sought:

1. To analyze an increased number of samples from indi-

viduals to assess that level ofheterogeneity owing solely

to individual variation;

2. To compare direcdy hCG from normal and aberrant states

ofpregnancy and from choriocarcinoma, all purified in the

same manner;

3. To separate hCG into its respective a- and 0-subunits for

improved resolution of data;

4. To examine both the peptide-sequence integrity and the

accompanying N- and O-linked carbohydrate struc-

tures; and

5. To address any concurrent peptidc-carbohydraic rela-

tionship.

Results

Purification ofhCG a- and fi-Subunitx

hCG was isolated from 14 separate urine collections

obtained from individuals with normal pregnancy, diabetic

pregnancy,** hydatidiform mole, or choriocarcinoma and

then tested for purity as described in Materials and Meth-

ods. In addition, two standard preparations (CR127 and

CR129 hCG) were investigated. Following the dissocia-

tion and resolution of the hCG into its constituent a- and

3-subunits, the integrity of the respective subunit pools was

assessed for nondissociated hCG and for the alternative

subunit using hCG- and subunit-specific immunoassays.

The determined mean values were as follows: for the

a-pools, 0.4% hCG- and 2.7% p-immunoreactivity, and

for the 0-pools, 2.2% hCG- and 1 .8% a-immunoreactiviiy

.

Ammo-terminal sequence analysis revealed only a-sub-

unit sequences in the reduced and S-carboxymethylated

(RCM) a-preparations and only 0-subunit sequences in the

RCM P-subunit preparations.

Determination ofAmino-Terminal Heterogeneity

and Peptide-Bond Nicking

In an earlier study by this laboratory, heterogeneity was

detected at the amino-terminus of a-subunit at rx3 and ot4,

but solely in hydatidiform mole and choriocarcinomahCG

(14). Internal peptide-bond nicking was identified at two

sites: [144-45 and [147-48. The earlier study was limited by.

the inherent difficulty in resolving overlying a- and P-sub-

unit sequences in thenondissociatedhCG preparations, plus

the presence of additional amino-terminal sequences if

either or both subunits were internally nicked. In this study,

16 purified hCG samples were separated by^dissociation

and size exclusion into their respective a- and JJ-subunits,

and then reduced and S-carboxymethylated priorto amino-

terminal sequence analysis. This approach allowed greater

resolution of peptide heterogeneity specific 10 the indi-

vidual subunits and resulted in the detection of additional

nicking sites. Sequence analysisrevealed that 14 of 15RCM
a-subunits exhibited heterogeneity at the amino-terminus,

with 6-18% of the molecules commencing at cx3 and/or ct4

(Table 1). The extent of amino-terminal heterogeneity for

a-subunit was similar in all categories examined: for the

four individual and two CR standard preparations from

normal pregnancy (mean:9.4and I l.l%,respeccively)t for

diabetic pregnancy (sample D 1 , 6.5%), for the three hyda-

tidiform mole (7.9%), and for the four choriocarcinoma

(12.6%) individual samples. For p-sobuniu only 1 of 15

samples, choriocarcinoma C7, exhibited any amino-termi-

nal heterogeneity (40.5% commencing at [12).

Internal peptide-bond nicking was detected in 2 of 15

a-subunits (CR129 standard preparation and choriocarci-

noma C2). Both were nicked at a previously unreported

site, between a42-43 (4 and 19%. respectively) (Table I).

In p-subunit, internal nicking was detected in 12 of 15

subunits tested. As in the earlier study (14). cleavage

•Complex-type asparagine (NMinked oligosaccharide structure is classified according to the number of antennae or branches attached to the M^GkrNACj

core (e.g.. mono-, hi-, tri, teira-ontcnnary) and is designated herein according to the sugar present at the dcsuiylated nonreducing terminus using fee foUowtng

code: G. Galactose: M. Mannose: A. Af-acetylglueoiami**. The pretence ofcore fucosc (attached to the GlcNAc linked 10 asparagino) is designated by F. Serine

(O)-linkcd oligosaccharides are classified according to the number of neutral sugar residues (e.g:, di-. tetra-saccharide).

"Diabetes prior to and during pregnancy. •
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Table 1

Amino-Ten^nal Heterogeneity and Internal Peptide-Bond Nicking in Separated RCM a- and 0-Subumts

Amino-terminal sequences detected

in p starting at
flAmino-terminal sequences detected

in a starting at"

Total
1'

Sample code al a3 a4 a3. 4

0.12 0.14^rstnriarrl CR127 1.0 0.02 0

CiitiHtii-H 1.0 0 0-11 0.11 0.04

jnoiviaiiai rj 1.0 o 0.08 0.08 0

Individual rf - l 01 .u 0.22 0 0-22 0

Tn/liviriiml PRIlliUVIUuai * u 1.0 0 0.07 0.07 0

Individual P9 1.0 0 0.06 0.06 0

Diabetic pregnancy
0.07

Individual Dl 1.0 0.07 0 0

Individual D2 1.0 0 0 0 0

Hydatidifonn mole
0.06 0.06Individual Ml 1.0 0 0

Individual M2 1.0 0.05 0.07 0.12 0

Individual M4 1.0 0 0.08 0.08 0

Choriocarcinoma
0.18 0

-Individual CI 1.0 0.06 0.12

Individual C2 1.0 0 0.15 0.15 . 0.19

Individual C3 1.0 0.09 0 0.09 0

Individual C5 1.0 0.03 0.13 0.16 0

individual C7 nd nd nd nd nd

pi (52 £44 fW5 048 P76

Total

044, 45, 76

TotaT

044-76

1,0

1.0

1.0

nd'

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

L0
1.0

0
0

0

nd

0
0

0

0

0

0

0

0

0

0

0

0.68

0

0

0
nd

0

0

0

0

0.09

0.04

0

0.12

0
0.05

0

0

0.07

0.04

0

nd

0

0

0

0

0

0
0

0.17

0.27

0.07

0

003

0.12

0

1.04

nd

0
0

0

0.08

009
0.03

0.98

0.08

0.16

0.13

1.06

0

0

0
0
nd
0

0

0

0

0.06

0.08

0

0

0

0

0

0

0.07

0.04

0
nd

0

0

0
0

0.15

0.12

0

0.29

0.27

0.12

0

0.03

0.19

0.04

1.04

nd

0

0

0

0.08

0.24

0.15

0.98

037
043
025
106
0.03

"^nuences were determined from a nurumum oi eigm cycicsw «i« * ~—i- ->
, /rw^nntin

four o ^rfi«^rconse^tive residue, with comparable levels (within 50%). Finding at lea* two un.que residue (those not in

m^S^^!^ * -quireme^ Concentrations of at least two unique residues were used to esnmate,-ou«t^of

4 and £o 2 for al. Val 2 and Gin 3 for o3. Gin 2 and Pro 5 for a4. and Lys 2 and Lys 3 for a^The

r?J TfZ fi48^nd Asn 2 and Val 5 for B76. Molar values were normalized to the concentraUon of sequence starting at resuiue U

JjSt Zm^Percent LinoTternunal heterogeneity = total

senuencesxlOO Example: P7a ammo-tenninal heterogeneity = 0.22 divided by 1.22 (1.00 plus 0.22) x "»-«*•

^oul nieiing = sum of all normalized sequences that begin at residue a43 for a-subunn;

- normalized value fox nick site xlOO.
rf

nd = not determined.

between residues 047-48 was the site of greatest potential

for nicking and was detected in all categories. Nicking at

047-48 varied from 0-1.06, but tended to group at the

extremes ofthe range. Nicking was also identified between

residues (544-45, and at two new sites, (543-44 and 075-76.

With the exception of7 and4% nicking at [
U4-45 inCR 1 27

and CR129 standard preparations, internal nicking at sites

other than 047-48 was confined to hydatidiform mole and

choriocarcinoma. In hydatidiform mole, 0-subunit was

nicked at (147-48, and at two new sites: 043-44 and 075-76.

Choriocarcinoma P-subunit was nicked at 047-48 as in

pregnancy, at 044-45 as in CR standard preparations, and

at 043-44 as in hydatidiform mole.

The finding of 0-subunit sequences starting at 044, 045,

and 048 shows the presence of extra amino termini, but

does notprovethat priorresidues (-043, -044, and -047) are

present. Carboxypeptidase Y carboxyMerminal sequence

analysis was used to address this issue. 0-subunit prepara-

tions M4 and C5 arc near-equal mixtures of peptides start-

ing at 01 and 048 (Table 1). This was interpreted as the

occurrence of 100% nicking between 047-48. Carboxy-

peptidase Y released Gly, Gin, Pro, and Leu in the

approximate ratio of l :2:l:2 from both M4 and C5 0-sub-

unit preparations (not shown). This is consistent with the

release of three carboxy-tcrminal amino acids (Gto 145,

Pro 144, and Leu 143) from peptide 048-145 and three

carboxy-terminal amino acids (Gly 47, Gin 46, andLeu45)

from peptide 01-47.The collective data from the amino-

and carboxy-terminal sequenceanalyses areconsistent
with

little, if any, loss of amirc, acids from peptides 01^47 or
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Sample code

Normal pregnancy

Standard CR127
Standard CR129
Individual P3

Individual P7
Individual P8
Individual P9

Diabetic pregnancy

Individual D

1

Individual D2
Hydatidiform mole

Individual Ml
Individual M2
Individual M4

Choriocarcinoma

Individual CI

Individual C2
^Individual C3

"
Individual C5
Individual C7

Table 2

Asparagine-Linked Oligosaccharides of RCM hCG Ot-Subunit

GM,
%

GGF,
%

GGM.
%

GG,
% %

Sialic acid,

prnol/pmol oligosaccharide 1 %a

48.0 8.9* 0 38.4* Q
c 4.8

r 1.50 95.6*

49.7 3-1 0 37.8 0 9.4 01 0

53.8 7.3 0 36.4 2.6 0 I . /O 1 17 9

40:7 7.9 0 37.1 14.3 0 1 . /u Qft 9

41.5 7.3 0 41.1 10.1 0 1 71
I *fJ 1 no a

61.9 9.4 0 29.2 0 0 1.44 103.4

12.0 7.0 34.8 24.2 22.0 0 0.71 33.7

28.3 2.8 34.0 17.1 17.7 0 0.93 49.2

43.4 16.7 0 32.3 3.6 3.9 1.32 80.3^

53.1 4.4 0 36.6 0 5.9 1.38 90.0

35.7 0 nd' 54.6 0.5 9.2 139 79.9

38.5 16.0* 3.6 18.9* 6.2 16.7 1.70 92.2
J

56.6 24.2 3.7 5.7 0 9.8 1.36 88.9

71.1 19.1 2.2 4.9 0 2,9 1.06 80.3

74.8 18.2 2.3 3.5 0 1.2 0.92 73.1

56.5 20.3 5.1 6.8 8.0 4.3 0.98 61.9

'Percent = pmol sialic acid/(pmol GM) + 2 (pmol GG, GGM, and GGF) + 3 (prnol GGG and GGGF).

"Biantennary oligosaccharides contain additional fucose in hCG ct-subunit from choriocarcinoma. GGF levels are raised in

choriocarcinoma vs normal pregnancy (/-test: P < 0.0001) and in choriocarcinoroa vs hydatidiform mole plus normalpregnancy

(/-test: P c 0.0001 )- GG levels are loweraJ in the same comparison* (P < 0.0001 and P < 0-000 1, respectively).

c
In /-tests, no significant difference in proportion of triantennary oligosaccharides(GGGFplusGGG) in hCG a-subunit between

normal pregnancy vs choriocarcinoma or in normal pregnancy plus hydatidiform mole vs choriocarcinoma (P > 0.05).

'in hCG a-subunit, sialic acid content is reduced in choriocarcinoma vs normal pregnancy (/-test: P c 0.0 1) and in hydatidiform

mole vs normal pregnancy (/-test: P < 0.01 ).

*nd = not determined.

P48-145 and with the single cleavage of peptide linkage

between £47-48. Choriocarcinoma sample C2 has peptides

starting at p45 (27%) and (148 (16%). indicating nicks

between p44-45 and p47-48 (Table 1). The possibility was

considered that the three intervening ami no acids ((345. 46,

and 47) could be missing in a portion of molecules. If this

were true, up to 43% (27 plus 16%) of the molecules could

terminate at Val 44 and up to 16% could be missing

(145-47. Caxboxypeptidase Y released Gly, Gin, Pro, Leu.

and Val from RCM P-subunit C2 in the approximate ratio

of0.04: 1:1:1 :0.4 (not shown). This was consistent with the

release ofGin 145, Pro 144, and Leu 143 from the carboxy-

terminus of the distal peptide ((348-145), and with the

release of Gly 47 at4% and Val 44 at40% of the carboxy-

terminus of the proximal peptides (pi—*-|Jx)_ This was con-

sistent with the absence of residues £45, 46, and 47 in 12%
(16 minus 4%) of the molecules.

Oligosaccharide Structure in hCG a- and fi-Subunits

from Normal Pregnancy

a-Subunit from normal pregnant indi viduals and from

standard prepzvitions was characterized by apfedominant

pair of N-linked oligosaccharides: fucose-free mono-

antennary (GM: 49.3 ± 7.9%, mean± SD) and fucose-free

biantennary (GG: 36.7 ± 4.0%) (Table 2). In addition, low

but distinct levels of more highly branched structures,

fucosylated biantennary (GGF: 7.3 ± 2.2%) and tri-

antennary oligosaccharides (GGG plusGGGF: 6.9+5.3%),

were also identified The oligosaccharides of a-subunit from

normal pregnancy contained 101 ± 9.1% sialylated antennae.

(i-Subunit from normal pregnancy hCG contained a pre*

dominant pair of biantennary N-linked oligosaccharides:

GGF (50.8 ± 8.0%) and GG (30.9 ± 6.6%) (Table 3). In

addition, distinct levels of monoantennary (GM: 4.6 ±
2.7%) and triantennary (GGG plus GGGF: 13.7 ± 5.9%)

oligosaccharides were identified. The sialylation of the

N-linked oligosaccharides was near complete at 98.2 ±
5.5% sialylated antennae. The O-linked oligosaccharide

of p-subunit was predominantly disaccharide-core struc-

ture (84.5 ± 2.8%), but a significant level (15.6 ± 2.8%) of

more highly branched tetrasaccharide-core structure was

also detected (Table 4). The extent of sialylation was not

complete in the O-linked glycans, at 62.9 ± 13.7%

sialylated antennae.
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Table 3

Asparagine-Linked Oligosaccharides of RCM hCG p-Subunit

GGGF.

Sample code

Normal pregnancy

Standard CR127
Standard CR129
Individual P3
Individual P7

Individual P8

Individual 99

Diabetic pregnancy

Individual Dl
Individual D2

Hydatidiform mole

Individual Ml
Individual M2
Individual M4

Choriocarcinoma

Individual CI

Individual C2
Individual C3
Individual C5
Individual C7

GGF,
%

GGM.
%

GG,
%

GGG.
%

Sialic acid,

pmol/pmol oligosaccharide I %

3.6"

2.2

6.5

4.4

1.9

8.8

3.8

6.5

5.5*

6.9

8.1

6.8*

5.9

16.4

15.9

10.9

56.3*

59.3

44.3

54.9

51.9

38.2

11.7

44.3

57.2*

38.4

22.8

14.8*

23.4

23.8

31.9

24.4

0

0

0

0

0

0

43.9

25.9

nd'

0

0

0

0

0
0
9.1

34.7
D

27.7

38.9

23.0

24.6

36.4

20.7

13.0

19.1*

22.6

39.0

14.8*

22.6

11.7

4.4

7.5

5.4"

10.8

8.3

132
17.4

12.1

17.5

8.3

16.5*

20.9

18.5

52.2*

38.0

33.6

42.7

35.2

0* 1.91 94.5
C

0 2.01 96.3

2.1 2.00 97.8

4.5 2.32 108.8

4.2 2.06 93.8

4.4 2.03 97.9

2.4 1.04 47.9

2.1 2.00 97.8

1.7* 2.10 98.5

11.1 2.07 92.0

11.5 2.66 119.8

11.4* 2.37 92.2
C

10.1 1.82 75.2

14.5 2,35 101.3

5.1 2.19 94.6

12.9 1.60 67.5

"Percent = pmol sialic acid/(pmol GM) + 2 (pmol GG, GGM, and GGF) + 3 Ipmol GGG and GGGF).

= 0.017) and triantennary oligosaccharides (GGG and GGGF) are increasingly raised in these conditions (P < Q.OUl h

c
ln /-test, sialic acid content ir. hCG p-subunit for normal pregnancy vs choriocarcinoma. P - 0.043.

d
tid ~ not determined.

Evaluating the N-Iinked oligosaccharides in hCG from

normal pregnancy, 14.2% of a-subunit and 13.7% of

p-subunit glycans were hyperglycosylated (fucosylated

and/or triantennary), compared to their predominant sub-

unit-specific carbohydrate structures. Additionally, in the

O-linked glycans of p-subunit 15.6% of glycans were

hyperglycosylated (tetrasaccharide-core structure).

Oligosaccharide Structure in hCG a- and fLSubunits

from Hydatidiform Mole and Choriocarcinoma

Hydatidiform mole a-subunit contained the fucose-free,

monoamennary and biantennary structures (GM: 44.1 ±

8.7% and GG: 41 .2 ± 1 1.8%) at similar levels to those of

normal pregnancy (Table 2). Fucosylated biantennary

(GGF: 7.0 ± 8.7%) and triantennary (GGG plus GGGF:

7.7 ± 1 .9%) oligosaccharides were also detected. In chorio-

carcinoma a-subunit, a significant decrease in fucose-free

biantennary GG (to 8.0% ± 6.29b), a major component of

normal pregnancy and hydatidiform mole, was accompa-

nied by a significant increase in fucosylated biantennary

GGF (to 19.6 ± 3.0%). In all r-tests comparing the relative

proportions of GG and GGF in normal pregnancy vs cho

riocarcinoma or normal pregnancy plus hydatidiform moL

vs choriocarcinoma, P < 0.0001. For samples from indi

viduals. the total triantennary content in a-subunit fron

choriocarcinoma matched that of normal pregnancy am

hydatidiform mole, while fucose-free triantennary GGC

was found only in hydatidiform mole or choriocarcinoma

The sialic acid content ofoligosaccharide in a-subunitwa

reduced for hydatidiform mole and choriocarcinoma, witl

83.4 ± 5.7 and 79.3 ± 12.3% sialylated antennae (/-tests

normal pregnancy vs hydatidiform mole or normal preg

nancy vs choriocarcinoma, P < 0.01).

For p-subunit N-linked oligosaccharides* a differen

pattern is apparent. While biantennary GGF and GC
were the predominant glycans in normal pregnancy

accompanied by distinct levels of mono- and triantennary

components, the proportions of the mono- and triantennary

oligosaccharides (GM, GGG plus GGGF) increased step-

wise from n&rmal pregnancy to hydatidiform mole to cho-

riocarcinoma. Both major glycoforms ofnormal pregnancy

(GGF and GG> were reduced in this trend. The increases
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Table 4

Serine-Unked Oligosaccharides on RCM hCG p-Subunit

Sample code GalNAc

GlcNAc,
prnol/pmol*

Gal,

pmol/pmol
fl

Disaccharide care. Tctrasaccharide core. Sialic acid,

prnol/pmol GalNAc* I %f

Normal pregnancy

Standard CR127
Standard CR129
Individual P3

~

Individual P7

Individual P8

Individual P9

Diabetic pregnancy

Individual Dl

Individual D2
Hydatidiform mole

Individual Ml
Individual M2
Individual M4

Choriocarcinoma

Individual CI

Individual C2
Individual C3
Individual C5
Individual C7

1.0 0.185 i 1 <n
1.1OU R1 SdDI.J

1.0 0.156 1.1 15 R4 AOH .*r

1.0 0.123 1.123 ST7 7O/./

1.0 0.190 1.180 Ql Aol.U

1.0 0.125 1.146 87.5

1.0 0.154 1J36 84.6

1.0 0.180 1.144 82.0

1.0 0.186 1.191 81.4

1.0 0.1 11 1.128 88.9*

1.0 0.381 1.399 61.9

1.0 0.197 1.157 80.3

1.0 0.666 1.679

1.0 0.479 1.502 52.1

1.0 0.882 1.881 11.8

1.0 1.034 2.064 0

1.0 0.681 1.678 31.9

15.6

12.3

19.0

12.5

15.4

18.0

18.6

11-1'

38.1

19.7

66.6'

47.9

88-2

103

68.1

d

1.32

1.25

1.62

1.02

1.46

0.88

0.69

0.62

0.45

0.80

0.98

0.52

1.14

0.97

1.15

1.05

66.(f

62.5

81.0

51.0

73.0

44.0

34.5

31.0

22.5*

40.0

49.0

26.0*

57.0

48.5

57.5

52-5

'Data normalized to 1 .0 GalNAc. Valuc5 are pmol GlcNAc (determined as glucosamine) per pmol GalNAc {determined as galac-

core)Tnd
(tetrasaccharide core) (23,24,, The total con-tration of^^^^£ZmM by the amount of GalNAc (, = 1). The proportion of tetrasaccharide core was determined by the concentration of GlcNAc

(A = 1 ) and confirmed by the concentration of Gal (n = 2).

sample P7: GalNAc GlcNAc Gal

1.000 (n= I) 0.190 (n^l) 1.180

-0.190 -0-380

0.810 ^(XlO0-%disacch:iride)-» 0.800

cData arc pmol sialic acid perpmol GalNAc. Both the di- and tctrasaccharide core structures can have two sialic acid residues. Percent

sialic acid = prnol/pmol divided by 2 X 100. ^ mmi^m

'Proportions of disaccharide core decrease and tctrasaccharide core increase in choriocarcinoma vs normal pregnancy (Mests.

P < 0 0001 and P < 0.000 1 ). A trend is present: proportions of tctrasaccharide core increase in hydatidiform mole and increase turtner

in choriocarcinoma (Bartholomew's test ofincreasing means,P < 0.001 ). and proportions of disaccharide core are increasingly lowered

l"Si^Mm of<MinLd glycans in |i-subunit from choriocarcinoma vs normal pregnancy (west:P~ 0.052) and hydatidiform

mole vs normal pregnancy (/-test: P = 0.016).

were: formonoantennary oligosaccharide., from 4,6±2.6 to

6.8 ± 1.3 to 1 1.2 ±4.9% and, for triantennary. from 1 3.7 ±

5.9 to 26.7 + 7.5 to 51.5 ± 6.8%.

A trend was also identified in the O-lin'ked oligosaccha-

ride of P-subunit: tctrasaccharide-core structure increased

from 15.6 ± 2.8% in normal pregnancy to 23.0 ± 13,8% in

hydatidiform. mole, to the predominant level of 74.8 ±

21.3% in choriocarcinoma. An increasing trend is shown

for the mono- and triantennary N-iinked oligosaccharides,

and for the tetrasaccharide-core 0-glycans (Bartholomew
1

s

tests of increasing means,P= 0.0 1 7, P<0 001 , and P< 0.001

.

respectively). There was no accompanying stepwise trend

(normal pregnancy to hydatidiform mole to choriocarci-

noma) in the total fucose content of p-subunit (62.0 ± 8.7,

58. 1 ± 16.2, 64.0 ± 6.9%), in the sialic acid content of the

N-linked oligosaccharides (98.2 ±5.5, 103 ± 14.5, and 86.2

± 14.2% sialylated antennae), or in the sialic acid content

of the O-linked glycans (62.9± 13/7. 37.2 ± 13.5, and 48.3

± 13.0% sialylated antennae).

Evaluating the N-linked oligosaccharides in hCG from

hydatidiform mole and choriocarcinoma, 14.7 and 29.4%

of a-subunit and 26.7 and 5 1 .5% of (5-subunit glycans were

hyperglycosylated (triantennary) compared to the subunit-

specific carbohydrate structures of normal pregnancy.

Additionally, in O-Mnked 0-$ubunitT 23.0 and 74.8% of

glycans were tetrasiccharide-core structure.
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Determination of Oligosaccharide Structure

in hCG a- and fLSubunitsfrom Diabetic Pregnancy

For the two a-subunits purified from diabetic pregnancy

hCG an unusual biantennary structure:, GGM. was the

major N-Hnked oligosaccharide (34.4%. mean) (Table 2).

The predominant components of a-subunit from normal

pregnancy decreased in diabetic pregnancy (to 20.2% for

GM and 20.7% for GG). Fucose-containing biantennary

(GGF: 4.9%) and triantennary (GGGF: 19.9%) oligosac-

charides were also identified, with GGGF being elevated

compared to normal pregnancy. In p-subunit,GGM (34.9%)

was a major component (as it was in a-subunit) and* for

O-linked glycans, a significant level oftetrasaccharide-core

structure (1 8.3%), similar to that ofnormal pregnancy, was

found (Table 4). The sialic acid contentofN-linked glycans

was notably reduced in diabetic pregnancy hCG. In o>sub-

unit, both samples were <50% sialylated (33.7 and 49.2%),

whereas in (J-subunit,DI (Type 1) contained 47.9% andD2

(Type 2). 97.8% sialylated antennae. Similarly, the sialic

acid content ofthe O-linked glycans was notably lower than

thatjfound in normal pregnancy (32.8% vs 62.9 ± 13.7%

sialylated antennae, respectively).

The following points stand out regarding the oligosac-

charide structures of the individual subunits of hCG: (1)

normal individual pregnancy samples were found to have

significant levels of hyperbranched (i.e., hyperglyco-

sylated) oligosaccharides in addition to their major glyco-

forms. Specifically*GGFandGGGFwerefound in a-subunh.

whereas GGG, GGGF, and tetrasaccharide-core structure

were found in p-subunit. (2) In individuals with choriocar-

cinoma, the most striking results were all associated wiih

increases in the hyperglycosylated species: for a-subunit,

GGF increased over 2.5-fold as one major glycoform

decreased; for P-subunit, N-linked GGGF increased over

3.5-fold as both major glycoforms decreased and, for

O-linked 0-subuniu tetrasaccharide-core structure increased

over 4.5-fold as disaccharide-core structure decreased.

Discussion

This study covers the structural heterogeneity of hCG.

resolved into its constituent a- and p-subunits, from indi-

viduals with normal pregnancy, diabetic pregnancy, hyda-

datidiform mole, or choriocarcinoma. While the results

show that the predominance of hCG molecules from nor-

mal pregnancy have an intact primary sequence accompa-

nied by subunit-specific oligosaccharide structures, this

study also shows that distinct levels of both protein and

carbohydrate heterogeneity exist even in normal preg-

nancy hCG, measured here by amino-tenninal heterogene-

ity, internallynicked peptide bonds, and hyperglycosylated

oligosaccharide structures. Furthermore, the levels of spe-

cific forms of heterogeneity detected in normal pregnancy

hCG arc shown to increase with the occunTnceofabnormal

pregnarcy or malignant disease.

Hyperglycosylation in hCC a-Subunit (Table 2)

a-Subunit from normal pregnancy hCG had been

reported to be specific for fucose-free monoantennary

and/or biantennary oligosaccharide (GM, GG). Subse-

quently, with the use of pulsed-amperometric detection

(PAD), 10% of the carbohydrate in a-subunit from second-

and third-trimester individual pregnancy hCG and 5%, in

CR125 standard preparation were found (by hydrolysis) to

be fucosylated (31 ). In this study, also using PAD and now

with the isolation of intact oligosaccharides, we report that

fucose is present in a-subunit from standard preparations

CR127 and CR129 and, is specifically attributable to

biantennary GGF (6.0%. mean). For the normal pregnancy

samples, we find that the major glycoforms are fucose-free

GM and GG; however, we also observe that 14.2% of

the oligosaccharides fall into the hyperglycosylation

class for this subunit (total fucosylation, 1 1 -8% and total

triantennary, 6.9%). In choriocarcinoma, the a-subunit

exhibited increased total hyperglycosylation to 29.4% (total

fucosylation, 22.4% and total triantennary, 9.8%) and the

most significant change from normal pregnancy to chorio-

carcinoma was the concordant increase in GGF and

decrease in GG (P < 0.0001 ).

Hyperglycosylation in hCG 0-Subunit (Tables 3 and 4)

Carbohydrate studies on dissociated p-subunit from nor-

mal pregnancy hCG have indicated its specificity for

biantennary structures (GG and GGF). An indication of

triantennary structure was noted with the detection of-4%

tosialylated structure (21 ). In the present study, a definitive

level of triantennary structure was detected in the normal

pregnancy samples (total triantennary, 13.7%). Total

triantennary content increased thusly; normal pregnancy »

diabeticpregnancy <hydatidiform mole< choriocarcinoma

(13.7, 15.2, 26.7, and 51.1%) with the fucose-containing

form (GGGF) being relatively higher in each category.

Thus, in the comparison of fi-subunit from normal preg-

nancy to choriocarcinoma, triantennary structure becomes

the major glycoform and is offset by a parallel decrease in

biantennary structure (P < 0.0001). Although total

fucosylation content did notchange significantly in chorio-

carcinoma vs normal pregnancy in P-subunit, there was a

significant shift away from fucosylated biantennary (GGF),

the major N-linked oligosaccharide seen in normal preg-

nancy, to fucosylated triantennary structure(GGGF) in cho-

riocarcinoma (P < 0.0001).

Neoplastic transformation, tumor cell invasiveness, and

metastatic potential are associated with the presence of

hyperbranched, N-linked oligosaccharide. The hyper-

glycosylation of O-linked glycans involves the "branching

enzyme," pi ,6GlcNAc transferase, and with the subsequent

addition of Gal, results in tetrasaccharide-core structure

(32). Hyperglycosylated O-linked structure was identified

at significant levels in p-subunit from normal and diabetic

pregnancy hCG (15.6 and 1 8.3%). This extended ur upper
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limit of the range oftetrasaccharide-core structure detected

in normal individual pregnancy hCG (23,24) and extended

the category of conditions to include ihat of diabetic preg-

nancy. Further, wc also found a strong correlation for the

increase in the tetrasaccharide-core structure in comparing

normal pregnancy to choriocarcinoma (P < 0.0001). Tet-

rasaccharide-core structure was the major O-linked oli-

gosaccharide in four of the five choriocarcinoma samples

Frange; 47.9-103%; mean: 74.8%). These results expand

the upper limit ofthe range for tetrasaccharide-core content

detected in p-subunit from choriocarcinoma (23,24).

Sialylation ofhCG o> and fLSubunits

The sialic acid content of N-linked oligosaccharide has

been reported to range from 90-100% in nondissociated

hCG from pooled normal pregnancy samples and CR stan-

dard preparations (26,33) to <3-l00% in choriocarcinoma

hCG from individuals (26). TTje resultt ofthe present study

confirm near-complete sialylation ofthe N-linked oligosac-

charide from dissociated a- and {J-subunits isolated from

normal individual pregnancy hCG and the CR standard

preparations. In the present study, five samples of chorio-

carcinoma hCG were examined, and the a-subunit was

found to range from 6 1 .9-92.2% sialylsition in the N-linked

oligosaccharide, statistically reduced vs that of normal

pregnancy (P < 0.0 1). The sialic acid content in the

N-linked carbohydrate of p-subunit from choriocarcinoma

ranged from 67.5-101%. However, the two choriocarci-

noma samples that were complicated by hyperthyroidism,

C2 and C7, accounted for the decreased sialic acid content

in this category; thus, the remaining choriocarcinoma

samples contained nearly complete sialylation on their

N-linked antennae.

With the investigation of the.oligosaccharide structure

of the first two samples ofhCG from diabetic pregnancy, it

is still early in the structural study of this potential accom-

panying condition to pregnancy and its effect on the hetero-

geneity of hCG. The samples examined in this study

represent different types of diabetes: Type I T characterized

by insulin dependence with the potential for high blood

glucose levels during pregnancy, and Type 2, a less severe

condition with increased insulin secretion or insulin resis-

tance in target tissues. The antennae cf the N-linked oli-

gosaccharides in two a- and one p-subunit were <50%
sialylated, while the O-linkcd sialic content in both

p-subunits was in the lower range compared to all other

samples. Initial carbohydrate results include a structure

(GGM) consistent by composition and mass spectrometry

with a glycoform reported previously only in choriocarci-

nomahCG and y-glutamyjtranspeptidase produced in hepa-

tocellular carcinoma (26,34). This structure is the

predominant N-linked glycoform (34.4 and 34.9%, means)

in both the a- and p-subunits of the 2 hCG samples from
diabetic pregnancy and was otherwise only found here in

the choriocarcinoma samples. -
-

This examination ofpeptide and carbohydrate heteroge-

neity has been greatly aided by the use of dissociated hCG
and recent technology with increased sensitivity toimprove

detection of low levels of additional carbohydrate hetero-

geneity. Further, by using a larger number of samples,

which were purified using the same methodology, we can

begin to establish the ranges of heterogeneity attributable

to individual variation. This becomes very important in

trying to define both what indicates and what produces a

disease state. In the protein moiety, a-subunit amino-ter-

minal heterogeneity has been extended to include the cat-

egory of first-trimester normal pregnancy. In addition to

the known p-subunit nick sites at P44-45 and P47-48 (14),

additional nicked linkages have been found at P43-44 in

hydatidiforrn mole and choriocarcinoma, at p75-76 in

hydatidiform mole, and at a42-43 in a-subunit. In the car-

bohydrate moiety, the use of individual subunits made it

possible to assign the lowerlevels ofglycoforms to specific

subunits and to observe changes in the various categories,

many of which would not be found with nondissociated

hCG analyses. A most significant example is the compari-

son ofGGF from normal pregnancy vs choriocarcinoma.

If the results found here were recalculated assuming

nondissociated hCG, the change for GGF would only be

from 29.1 to 21.6%. By looking at individual subunits. it

could be seen that GGF actually increased significantly in

a-subunit, from 7.3 to 1 9.65c (2.7-fold increase),while decrea-

sing in P-subunit from 50.8 to 23.7% (53% decrease).

In summary, this study shows that compared to normal

pregnancy, the hCG produced by choriocarcinoma has

increased levels of N-linked fucosylated (vs fucose-free)

biantennary oligosaccharide in a-subunit, fucosylated

triantennary (vs biantennary) structure in P-subunit, and

tetrasaccharide-core structure at its CMinked carbohydrate

sites. All of these suggest either increased access by or

increased concentrations of "branching" enzymes

(al,6fucosyltransferase. GlcNAc transferase IV, and

pi,6GlcNAc transferase) in malignant disease. Hyper-

glycosyiation is significantly elevated in and potentially

indicative of choriocarcinoma, but as seen in the distinct

levels of hyperglycosylation in normal pregnancy, this

modification is not unique, but rather an amplification in

malignant disease.

Carbohydrate-Protein Interactions

Carbohydrate and protein heterogeneity ofhCGhasbeen

shown to occur in normal pregnancy and to be amplified in

choriocarcinoma. In an attempt to analyze these changes,

we have examined our results relative to the studies of the

hCG folding pathway (12) and the recently determined

crystal structure (6). Based on the comparisons found here

of the glycan changes between the a- and p-subunits from

choriocarcinoma vs 'those of normal pregnancy and on the

studiesshowing thehyperglycosylationofa to largely triante-

nnary structure when it remains uncombined (3U35)y we
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believe the changes in N-glycosylation more likely result

from steric considerations rather than from changes in en-

zyme levels. For example, in choriocarcinoma, GGGF is

significantly increased to 40.3% in p-subunn, implying at

least moderate levels of al,6fucosyltransferase, GlcNAc

transferase II. andGlcNAc transferaseIV . At the sameume.

in the presence of the same enzyme
concentrations,GGGF

in a-subunit is at low levels (2.8%). In direct opposition.

GM in ct-subunit remains very high in choriocarcinoma,

actually increasing compared to normal pregnancy from

49 3 to 59.5%. theGM structure being associated with the

reduction or lack of the three enzymes just mentioned. A

hostofsuch comparisons iseasily seen in the data and leads

us therefore, to consider steric effects of at least equal

importance, in N-Iinked glycosylation. to the concept of a

change in enzyme levels as the sole source of altered car-

bohydrate patterns. _ , ,

With regard to the folding pathway ofhCG, the focus is

on a dynamic system in which it is likely mat folding influ-

ences glycosylation. which, in turn, influences new fold-

ing, and so on. the process working its way stepwise to a

heterogeneous population even in the "normal" situa-

tion of "normal" pregnancy. In the synthesis and process-

ing of hCG, a-subunit is synthesized, receiving en bloc

GlcjMan^lcNAqj oligosaccharideataA»i52andaAsn78,

and folds readily into an assembly-competent core, com-

pleting all five of its disulfide bondsprior to combination.

pVSubunit receives precursor oligosacchsuide at pAsnl3

and PAsn30, and arrives at its assembly-competent stage

more slowly by completion of a complex series of folding

intermediates involving its first 3-4 core disulfide bonds

(12) The studies have suggested that p-subunifs last two

disulfide bonds, 5 and 6, are initially formed, but then

reduced to allow for a? combination, and ultimately

reformed as part of the final folding processes. Two addi-

tional points emphasize the complexity of the ongoing pro-

cess: (1 ) The folding and assembly pathwty ofhCG shows

that the initial ap-combined stage contains partially

unfolded P-subunit with its three latest-forming disulfide

bonds (P23-72, P93-100. and P26-1 10) in various stages of

completion (12) (Fig. 2A-C); (2) arearrangement oftwo of

p-subunit' s core disulfide bonds may also occur, when

comparing immature, initially combined hCG to mature

secreted hCG {6.12). All of this suggests a structure that

moves through many conformationsto attain its final folded

and glycosylated state. At a minimum, with a population of

aB-combined subunits entering the Golgi with a distribu-

tion of uncompleted or transient disulfide bonds in the

P-subunit, a more variableand open conformation provides

an environment for heterogeneous glycosylation process-

ing of carbohydrate sites in both a- and p-subunits.

aAsnS2 Site

The crystal structure of mature hCG shows significant

features for aAsn52 (Fig. 2). First, hydrogen "bonding

between 099-101 and a53-57 secures its interchain posi-

tion Tnd additionally, disulfide bonds P93-1 00 and

B->6-110 lock residues plOO to 1 1 0 essentially in an arm

across the region of oAsn52. Since both hydrogen- and

disulfide-bonding features are fundamental to the confor-

mation and accessibility to the aAsn52 site anyevems that

can alter the complex folding panems of hCG have the

potential to alter its glycosylation. Studies using glycopep-

tides as antagonists to adenylate cyclase stimulation by the

native hormone and those using site-directed mutagenesis

have determined a major role for the carbohydrate of

a-subunit, specifically atoAsn52, in successfulcAMP and

steroid production (36,37). Additionally, the absence of

disulfide bond P93-100 by in vitro reduction or the
s
site-

mutated substitution of Ala for Cys at residues p93 and

B100 results in the complete loss of receptor binding

(38 39) Additional complexity isadded to thisregion
when

the'putarive site of phosphorylation by cAMP-dependent

protein kinase is PThr97 (40). Therefore, hyperglyco-

sylanon at the aAsn52 site could have effects on both

receptor binding and steroidogenesis through impe^ng

proper formation/reformation of disulfide bonds B93-100

and P26-1 10 or by preventing hydrogen bond formation

between P99-101 and a53-57. thus, altering the normal

tertiary relationship for signal transduction between the

local protein structure, the carbohydrate positioned at

oAsn52, and the receptor complex.

ctAsn78Site

Sequence P38-57 is an amphipathic, antiparallel loop

implicated in hCG receptor reactions (39) (Fig. 2). Resi-

dues B34-46 interact with a-subunit through interchain

hydrogen bonding, with B44-46 specifically binding to

o77-75, immediately adjacent to N-linked oligosaccha-

ride site, 0tAsn78 (Fig.2A-C). Ifhyperglycosylation occurs

at aAsn78 and results in thefailureto maintainthese hydro-

gen bonds, P38-57 becomes significantly less shielded,

and in particular, the apex of this extended receptor loop.

B43-48 becomes totally exposed. This is consistent with

the findings here of increased internal nicking in this

region in hydatidiform mole and choriocarcinoma at mul-

tiple sites between B43 and B48. directly concordant with

the described hydrogen bonding between 044-46 and

a77-75. The presence of hyperglycosylated GGF at

aAsn78 may affect hydrogen bonding at B44-46. making

this site potentially available to proteases. Functionally,

nicking at this apex has been shown to decrease dramati-

cally hCG biological activity, reducing it to 1 or 20% that

of intact hCG (41.42).

PAsnl3 and QAsnJO Sites

N-linked glycosylation sites, BAsnl3 and pAsn30. are

positionedin hydrophobic regions ofthe peptide
chain near

the amino terminus of p-subunit, interspaced in a clusterof

cysteine residues at p9, 23, 26, 34, and 38. In the crystal

structure of mature hCG. pAsnl3 and pAsn30 colocalize
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Fis. 2. (A) Ribbon diagram of hCG determined using multiwavelength anomalous diffraction analysis of synchrotron
i

data at
:

2.6 A

"Sluuon a-Subunit(^
bonds ofhCG (latest-forming p23-72. P93-100, P26-I 1 0) arc shown in purple. N-linked carbohydrate atachment sue

i
(shown red)

are located at aAsn52 and oAsn78 in a-sub,.nit and at pAsnl3 and pAsn30 in p-subuniL (B) View-of tite a»Snmento "^TA
hvdrosen bonding between sequence a53-57 and sequence p99- 101 (both shown in green) with disulfide bond P93-1 00 (purple) and

immediately adjacent. N-linked glycosylate site 0tAsn52 in a-subunit (red). (C) View of the alignment ofintercham hydrogen bonding

between sequence a77-75 and sequence P*4-»6 (both shown in green) with immediately adjacent, N-linked glycosylaoon site, OAsn«
in a-subunii (red). P-subunifscontribution to thisdescribed interchain hydrogen bonding (p44-46) is coincidentwith the nickingregion

of p-subunit (p43-48) shown bordered by residues £43 and p48 (in dark blue).

25
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r-7 A aparc), and antiparallel interchain hydrogen bonding

occurs between residues p6-8 and a7-5, stabilizing the

two amino termini of the combined subunits (Fig. 2). This

close spatial relationship would be expected to limit the

carbohydrate processing sterically under "normar condi-

tions, and biantennary structures do predominate. Thehigh

level oftriantennary hyperglycosylation
detected in p-sub-

unit from choriocarcinoma strongly suggests that these

events occur when the maturing combined subunits are u

a less folded, i.e., "more open" conformation. Regarding

biological activity, the level of signal tra-nsduction may be

affected by the carbohydrate ofthe p-subunil ofhCG- With

the site-mutated removal of glycosylation at aAsn52. and

with the presence of carbohydrate at pAsnl3 or. alterna-

tively, at PAsn30, -50 or25% activity is still retained (37).

Therefore, the substitution of a mono- or triantennary

glycoform for a biantennary structure attached to pAsnl3

and/or Asn30 may, in itself, prove to Have an effect on

steroidogenesis.

pSerl21*126. 132. and 138 Sites

Less is known about the steric relationship between the

combined aP intercystine-knot domain and P's carboxy-

terminal extension. Multiwavelength anomalous diffrac-

tion (MAD) analysis shows residues pi 12-145 extend off

into solution and to be disordered in the crystal (6). Site-

mutation studies indicate that the a-glycosylation does not

influence the efficiency of ap combination, the extent of

heterodimer secretion, or in vitro hCG activity (43,44).

Although the carboxy-terminal protein domain is unique to

hCG in the glycoprotein hormone family, the mutational

removal ofresidues p 1 1 1-145 does not significantly affect

aP combination orhCG activity (45). It has beensuggested

that the carboxy-terminal domain with its O-linked

glycosylation confers additional solubility and in vivo cir-

culatory life-time (44). In that the P-subunits of normal

pregnancy and choriocarcinoma hCG acquire hyper-

glycosylated O-linked glycans (tetrasaccharide-core struc-

ture: 15.6 and 74.8%), the ratio of tetra- to disaccharide

glycosylation may prove to be controlled by the ratio of

pi.6GlcNAc transferase to ot2,6sialyltransferase, which

compete for the same substrate, i.e., disaccharide-core

structure (32). The potential contribution of steric effects,

i fany , 10 increased tetrasaccharide-core structure is limited

by the unavailable three-dimensional dfcta for this region.

The large increase in tetrasaccharide-core content seen in

choriocarcinoma makes it, at this time, roost interesting as

a marker for certain precancerous and mal ignant conditions.

hCG is largely combined upon entering the Golgi, and

both subunits are. therefore, exposed to the same glyco-

sylation enzyme concentrations. Since the patterns of

glycosylation are so dissimilar when comparing a- to

P-subunit. it seems clear that the three- dimensional pro-

tein-carbohydrate structure (i.e.,. one of the. substrates)

will strongly affect where, anil „o what extent, a given

glycosylation reaction will proceed. We believe that the

variations in AT-glycosylation found here are more consis-

tent with steric limitations ("conformation" of a substrate)

than enzyme Umitations. Thus, while enzyme levels may

beincreasedin choriocarcinoma, an event, such as the rapid

processing of hCG. which is characteristic of this malig-

nant state, can also be envisioned to affect its complex fold-

ing patterns and concurrent glycosylation. With the

determination of the distribution of glycan
structures at the

subunitlevel,amore refined picture ofhCG's
glycosylation

in normal pregnancy and choriocarcinoma has evolved.

However, the next refinement will require the specific site

location oftheseglycosylation changes and
theirindividual

effects on the biological activities of hCG.

Materials and Methods

Sample Purification

Fony-eight-72h collections ofurine were
obtainedfrom

13 individuals: 4 with normal pregnancy, 2 with diabetic

pregnancy, 3 with hydatidiform mole, and 4 with chorio-

carcinoma (Table 5). hCG was purified from these unnes

using the extraction procedures and
chromatography meth-

ods described previously (14). During
chromatography pro-

cedures, attention was given to recovering all hCG with

peaks collected to >99% hCG activity (assay sensitivity:

-0.3 ng/mL). The purity of the hCG samples was demon-

strated by SDS-PAGE, amino acid analysis, and amino-

terminal sequence analysis (14). Sample C7 hCG was

purified by John C. Morris of the Mayo Clime from the

urine ofapatientwith choriocarcinoma(Table5).
Standard

reference preparations CR127 hCG and separated CR129

a- and p-subunits were purified by Steven Birken of

Columbia University from crude extracts of pooled preg-

nancy urine (Organon, West Orange, NJ) (Table 5).

To dissociate bCG, preparations CR127 and C7, and

the 13 samples purified in this laboratory were reconsti-

tuted in 6M guanidine HC1 in 0. 15 M sodium citrate, pH

3.8, and incubated for 3 h at 45"C. Dissociated samples

were applied to two tandem columns, 1 .6 x 90 cm each, of

Sephacryl S-100 HR. To prevent the immediate recombi-

nation of a and p, 4 mL of 3 M ammonium thiocyanate

were applied to the column immediately preceding the

dissociated sample, and the subunits were eluted, at 4QC,

with 0.1 M NH«HC03 ,
pH 7.8. Column fractions were

assayed for hCG and for a- and p-subunit activities

using EIA assays with antibodies specific for total hCG

(2119-12) and total P-subunit (FBT1 1 ), and an RIA specific

for a-subunit (H7). described previously (46.14.47. respec-

tivelyJ. Fractions containing any detectable a- or P-subunit

immunoreactivity (assay sensitivities: -0.3 ng subunit/mL)

were combined into their respective pools and assessed for

purity using hCG-'and subunit-specific immunoassays,

by reducing SDS-PAGE procedures (14). and by amino-

terminal sequence analysis.
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Table 5

History of hCG Samples for Subunit Purification and Structural Analysis

Sample code Diagnosis Description Metastases Sample/standard distributor

CR-series urinary

hCG standards

CR127
CR129

From normal pregnancy

patient urine .

P3
P7

P8

From diabetic pregnancy

patient urine

Dl
D2

From spontaneously

regressing hydatidiform

mole patient urine

Ml

M4
From choriocarcinoma

patient urine

CI
C2
C3
C5
C7

1RP Standartr

IRP Standard.

Singleton

Singleton

Singleton

Singleton

Singleton, type 1

Singleton, type 2

Complete mole

Complete male

Complete mole

With hyperthyroidism

With hyperthyroidism

1 st-3rd trimester pool

lst-3rd trimester pool

1st trimester (9-9.5 wk)

1st trimester (8-10 wk)

1st trimester (8-10 wk)

1st trimester (8 wk)

1st trimester (10 wk)

1st trimester (8 wk)

0, 1-d postevacuation

Preevacuation •

Preevacuation

Prethcrapy

During resistance to therapy

During resistance to therapy

Pretherapy

Lung, brain

Lung, brain

Lung
Lung
Lung

S. Birken, USA
S. Birken. USA

L. A. Cole. USA
L. A. Cole, USA
L. A, Cole, USA
S, Rotmensch. USA

E. Shapiro, USA
E. Shapiro, USA

E. Kohorn. USA
J. Belinson, USA
E. Kohorn, USA

M. Ozturk, USA
K. Bagshawe. UK
K. Yazaki. Japan

W. Yixun. China

J. C. Morris. USA

"international Reference Preparation.

^Diabetes prior to and during pregnancy.

Reduction and S-Carboxymethylntion

Aliquots of 0.5 rng a- or p-subunit v/ere brought to

0.4 mL in 6M guanidinc hydrochloride, 0.05M Tris-HCl,

0.5 mAf disodium-EDTA, 65 tuM dithiothreitol, pH 7.5.

Tubes were sealed under N2. and shaken overnight.

Iodoacetic acid was added (fivefold excess over dithio-

threitol concentration), and the samples were shaken for

3 h. Reduced and S-carboxymethylatcd (RCM) samples

were dial yzed overnight (6000-8000 Daiton exclusion-

limit membrane) against 0.1 M NH4HCO3 at 4°C and

lyophiiized.

Enzymatic Release ofAsparagine-lAnked Oligosaccharide

from RCM Peptides

RCM a- and P-subunits were reconstituted (2.5 mg/mL)
in 0.3 M sodium phosphate, 0.15% SDS, 0.04% NaN3 ,

pH 7.8. A 50-iiL aliquot was denatured at 1 D0°C for 5 min.

After cooling, 40 }iL were removed and brought to 1%
Nonidet P-40/Triton X-100. Five units of PNGase F
(Genzyme, Boston, MA) and 60 ul. of water were added

(final volume= ] 20 jiL). and samples were sealedunderN2 .

RCM CR 129 p-subunit was incubated for24 h at37°C with

5U ofPNGase F.A second aliquot ofPNGase F was added,

and incubation continued 24 h (48 h total). Removal of

N-glycans was monitored using reducing SDS-PAGE

(16%) (Fig. 3). RCM P-subunit migrated atMT = 36,000 at

0 h, and Afr
= 29,000 after 24- and 48-h incubations, indi-

catingcompleteremoval ofN-linked oligosaccharides after

one incubation with enzyme. RCM CR129 a-subunit was

incubated for three serial 24-h periods (72 h total) with

additions of 5 U enzyme each.RCM a-subunit migrated at

Mr= 25,000 atO h, as three bands (Afr= 25,000, 22,000, and

18,000) after 24 and 48 h. and as one band (A#r = 18,000)

after 72 h. This indicated partial removal of one or two

oligosaccharides after 24 and 48 h, and complete release in

72 h. One 24-h incubation with 5U PNGase F was adopted

forRCM p-subunit samples and three24-h incubations with

5 U enzyme each for RCM a-subunit preparations.

Isolation o/N-Glycans and Enzymatic Release

of Sialic Acid

Af-glycans, releasedby PNGase F, were separated from

peptides(RCM a-subunits) and peptides with O-linked oli-

gosaccharides (RCM P-subunits) by ethanol precipitation:
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Fig. 3. SDS-PAGE ofRCM subunits ofCK 1 29 hCG , prior to and

following PNGase F digestion. Lanes aO-2 areRCM hCG a-sub-

unit after 0, 1. 2, and 3 d of incubation with PNGase F (enzyme

aliquois added at days 0, 1 . and 2); lanes P0-2 are RCM hCG
P-subunit after 0, 1, and 2d incubation with PNGase F (enzyme

aliquots added at days 0 and 1 ). NG it the PNGase F con-

trol. Migration of molecular weight standards is illustrated

by arrows (—*).

samples were brought to 1 :6.5 (v/v) with 95% ethanol and

centrifuged at 145g overnight at4°C Sample supernatants

containing the JV-glycans were removed, dried, and

reconstituted in 0.1 M sodium phosphate, pH 5.1. with

0.1% NaN3 . To ensure the complete desialylation of the

AT-glycans with the potential to contain tri- and terra-

sialylated oligosaccharides, a lyophilized, tetrasialylated,

tetra-amennary oligosaccharide standard (corresponding to

tetrasialylated GGGG; Oxford Glycos.ystems. New York,

NY) was reconstituted in sodium phosphate, SDS, NaN3,

Nonidet P-40, and Triton X-10Q (as the lyophilized RCM
subunits, above), ethanol-precipitated, and the resultant

supernatant used as a control to monitor the release ofsialic

acid. The standard's supernatant was dried and reconsti-

tuted in 0. 1 M sodium phosphate, pH 5 1 , with 0. 1% NaN3 ,

and Neuraminidase Clostridium perfringens was added

at 1 .25 U/mL (substrate concentration = 1 0 The con-

trol was incubated for 120 h at 37°C (conditions found

necessary owing to the presence of SDS carried forward

with the supernatant after ethanol precipitation), and timed

aliquots wereremovedand monitored. Quantitative removal

of sialic acid was demonstrated using the chromatography

procedures described below.

Resolution and Characterization

ofDesialytoted N~Glycans

Desialylated Af-glycans were injected onto a Dionex

HPLC carbohydrate detection system (Sunnyvale, CA),

composed of aCarboPac 1 column coupled with a gradient

HPLC pump. Glycans were visualized with a Dionex PAD,
and the resulting output data were plotted and integrated

using a SpectroPhysicsChromjetIntegrator(SanJose,CA).

The column was eluted at 1 rnL/min with NaOH using the

oligosaccharide protocol: 9 mM for 40 mm, 90 xtiM for

1 5 min. 150-270mM over 35 min, and 270mM for 1 0 min.

The column effluent was continuously mixed via a mixing

tee with a postcolumn addition of 225 rnAf NaOH, at 1 mU
min by a Kratos Spectroflow 400 HPLC pump (Ramsey,

NJ). Desialylated Af-glycans and free sialic acid were quan-

titated by integration of sample peak areas and comparison

with oligosaccharide and sialic acid standards (see below)

(Fig, 4), As confirmation that the oligosaccharide standards

and sample peaks were identical in carbohydrate content,

individual sample peaks ofcommon elution positions were

collected from the CarboPac 1 column, hydrolyzed, and

analyzed for carbohydrate composition; subsequently, the

oligosaccharide contents of the RCM a- and p-subunits

was determined by comparison of the PNGase F-released

glycans with the elution of the oligosaccharide standards

(Fig. 4). For peak collection, high-pH column effluent was

directed from the CarboPac 1 column into a micro-

membrane suppressor vs 70 rruV H2S04 (Dionex Anion

Micromembrane SuppressorAMMS- 1 ), rendering the col-

umn effluent pH-neuaaL Collected peaks were dried and

hydrolyzed according to a modification of the method of

Hardy et al. (48h at 3.2N trifluoroacetic acid (TFA), under

N2. for4 h at 1 00DC. Hydrolysates were dried, reconstituted

with water, and injected onto a CarboPac 1 column using

the monosaccharide protocol. The column was eluted at

0.4 mL/min with NaOH: 1 8.5 mM for 30 minfollowed by

9.25 mM for 13 min. Column effluent was continuously

mixed with a postcolumn addition of 300 mM NaOH at

1 mL/min. The monosaccharide composition was calcu-

lated by integration ofhydrolysate peak areas and compari-

son with known amounts of monosaccharide standards

(Sigma, St. Louis. MO) (Fig. 5).

N-Glycan Standards

JV-glycan standards (Oxford Glycosystems and Dionex

Corp.) included biantennary oligosaccharides with each

antenna terminating at galactose (GG), triantennary oli-

gosaccharides terminating at galactose (GGG), and the

same two with fucose al,6-linked to the proximal AT-ace-

tylglucosamine (GGF and GGGF). Also included was a

tetraantennary oligosaccharide terminating at galactose

(GGGG) and Af-glycans with antennae terminating at

W-acetylglucosamine (AAF, AAT AAA, AAAA) or termi-

nating at mannose (MM and MMF) (Fig. 4).

Two sample peaks were shown to be carbohydrate in

nature by monosaccharide compositional analysis, but did

not coelute with the listed W-glycan standards. Their

monosaccharide ratios were determined and their molecu-

lar weights were analyzed by matrix-assisted laser desorp-

tion ionization (MALDI) mass spectrometry (Fison

Instruments, Manchester, UK) at The Keck Foundation

Biotechnology Resource Facility at Yale University.

Monosaccharide compositional analysis revealed a struc-

ture with a Man:GlcNAc:Gal ratio of 3:3: 1 . The observed

mass/charge (m/z) was 1299.8 corresponding to the (mass
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+ sodium)* ion and consistent with the monosaccharide

composition. A carbohydrate structure of this molecular

weight and composition has been identified previously in

hCG (19.21). The sequence is: Galpl->4GlcNAcpl-+
2Manal»>3(Manal-^)Manpi->4GlcNAcpi -»4GlcNAc;

this monoantennary structure was designatedGM (Fig. 6).

The second peak that did not coelute with a known stan-

dard eluted closely with <3G in the oligosaccharide proto-

col. Complete separation was achieved with a modified

NaOH protocol: addition of a 150-mAf step for 10 rain prior

to the 150-270 mA/ gradient. The extended oligosaccha-

ride protocol completely resolves these peaks, with the

later-eluting peak eluting in the position of the GG stan-

dard. Both peaks were neutralized and individually col-

lected via the in-line micromembrane suppressor described

above, and their monosaccharide compositions and
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Fig, 5. Separation of monosaccharide standards on a high-pH

ion-exchange HPLC column using the monosaccharide protocol.

(A) Elution profile of a TFA control hydrolysate. (B) Elution

profile of a 625-pmol mixture of standard monosaccharides. (C)

Elution profile of a representative oligosaccharide hydrolysate

showing that of fucosylated biantennary GGF. Comparison of

integrated peak areas of oligosaccharide hydrolysate with those

ofknown amounts ofmonosaccharide standards (Panel B) yielded

a monosaccharide composition of 1 ,0 ( 1.0) Fuc. 4.12 (4.0) GlcNAc
(measured as GIcNH„), 2. 1 (2.0) Gal. andZ82 (3.0) Man. ThePAD
was set at 100 nA full scale. PAD response is in relative units.

molecular weights determined. Both peaks contained the

same monosaccharidecomposition: Man, GlcNAc, andGal

in the ratio 3:4:2. The observed molecular weight of a GG
standard control was m/z = to 1 664.72 corresponding to the

(mass + sodium)* ion. The observed molecular weights of

the two sample peaks were 1664.83 and 1664.74, corre-

sponding to the (mass + sodium)* ion and consistent with

the monosaccharide composition. GG and a second

biantennary oligosaccharide with the same monosaccha-

ride composition have been reported previously (25,26).

The second peak has two W-acetyllacto!:amine antennae

attached at the C-2 and C-4 positions oFine same

a-mannosyl residue of the trimannosyl core: Gaipi-*

4GlcNAcp 1 ->2(Gaipi->4GlcNAc3 1 ->4)ManCt 1 ->3(Man-

aI->6)ManPl->4GlcNAcpi-^4GlcNAc. This structure,

designated GGM, although containing the same monosac-

charide composition as GG, has a terminal mannose or an

additional nonreducing terminus (Fig. 6).

Isolation, Resolution, and Characterization

of O-Glycans

Following PNGase F-rclcase of N-linked oligosaccha-

rides, mixtures ofO-glycopeptidesand free Af-glycans were

separated by ethanol precipitation (described above). Pre-

cipitates containing the 0-glycopeptides were reconstituted

in water and injected onto a 4 x 250 mm Vydac C4 reverse-
phase column using a Kratos Spectroflow HPLC system

equipped with a model 430 Gradient Former and a model

400 pump. The column was eluted at 0.8 mL/min in 0.1%

TFA with a0-60% acctonitrile linear gradient over90 min.

Peaks containing 0-glycopeptides were visualized at

210 nm with an Applied Biosystems 783 Programmable

Absorbance Detector, collected directly into vials for sub-

sequent hydrolyses, and immediately dried.

This laboratory and othershavepreviously shown thatthere

are two 0-glycan core structures on the p-subunit of hCG:

Galp 1 ->3GalNAc/22.2JJandGalP 1 ->4GlcNAcp 1 ->

6(Gaipi->3)GaINAcC2J,24j (Fig. 6). The presence of

GlcNAc and a 2:1 ratio of Gal distinguish the tetra-.from

the disaccharide structure. Compositional analysis was

used to quanritate monosaccharides and to determine the

ratio of teirasaccharide to disaccharide structures. Purified

0-glycopeptides were hydrolyzed according to a modifica-

tion of ;the method of Hardy et al, (48), at 3 NHC1 for 140

min at 100°C, under N2, and then dried. The hydrolysates

were reconstituted with water, injected onto a CarboPac 1

column, eluted with the monosaccharide protocol, and

monosaccharide composition determined as described

above. To determine the sialic acid content, 0-glycopeptides

were hydrolyzed using a modification of the method of

Blithe: 0.1 M TFA at 80°C for 50 min (31). Hydrolysates

were dried, reconstituted with water, and injected onto

the CarboPac 1 column using the oligosaccharide gra-

dient protocol, and sialic acid content determined as

described above.

Amino-Terminal Sequence Analysis

Amino-termxnal sequence analysis was performed by

The W. M. Keck Foundation Biotechnology Resource

Facility using an Applied Biosystems model 470A gas-

phase sequencer equipped with an on-line HPLC system

for identification of phcnylthiohydantoin amino acids.

Peaks were quantitated withNelson Analytical Xtrachrome

software (South Plainfield, NJ) using standard procedures.

Carboxypeptidase Y Analysis

Carboxyl-terminal sequenceswere determined fornicked

p-subunit preparationsM4V C2, and C5 using carboxypepti-
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1 m GM
MatoW

^Manpi->4GlcNAcpi-*4GlcNAc.N-Asn

-Gap 1-*4GlcNAcp 1->2Mana 1

Fucal^

2. GGF
^ 1^G,^A*W2MatoWj^npi^G.cNAc31^G.CNAc.N^n
-Gaipi ->4GlcNAc0 1 ->2Mana1^

Manet1^
' ^ManB 1 -+4G!cNAcfl 1->4G!cNAc-N-Asn
3. GGM -GalBl->4GlcNAcp1^A

o™«"P' ^
SMana'r

-Gaip 1 ->4GlcNAcp i

-Galpl-MiGlcNAcpi-^ZManal^p ^Manpi-^GlcNAcpi^GlcNAc-N-Asn
4

" ^Gaipi-^GIcNAcpi-f2Mana1^

Fuoat
-Gaip 1 ->4GIcNACp 1->2Mana 1^ *

fi

* ^ ^Manp 1 ->4GlcNAcp 1->4GtcNAc-N-Asn

5.GGGF -GbIP1^4GIcNAc^W.

-Gaip1->4GIcNAcp1^

-Galp 1-MtGtcNAcp 1-*2Mana1^
^ v»< ma^-i 5Manp1-^4G!cNAcpi->4GIcNAc-N-Asn

6. GGG -Gaipi^GlcNAcpi^^^^

-Galp1^4GlcNAc01
jn2

7. disaccharide ccire -Gaip 1-3GalNAoO-Ser

-Galp1^4GlcNAcpl^e
8. tetrasaccharide core ^GalNAoO-Ser

-Galpl^3

Fir. 6. Structures ofthe asialo N- and O-Hnked oligosaccharides. Structures I -6 are the asparagine-I inked oligosaccharides in the order

of elution from the high-pH ion-exchange HPLC column (Fig. 4). Structures 7 and 8 are the serine- linked di- and tetrasaccharide core

structures. Hyphens (-) on Gal and GatNAc residues indicate potential attachment sites of Sialic acid.

dascY digestion followed by amino acid composition analy-

sis. Samples were dissolved in 25 fiL 0. 1 M sodium acetate,

pH 5.5, containing 8M urea and denatured by incubation for

1 0 min at 60°C. Aftercooling, carboxypeptidaseY (sequenc-

ing grade) was added in 25 |±L water (enzyme:substrate

ratio = 1:15) and mixtures incubated for 90 min at 37°C.

Products of samples and controls (nonincubaied reaction

mixture = time-zero control; incubated, reaction mixture

minus substrate = substrate control) were dried and

given to The W. M. Keck Foundation Biotechnology

Resource Facility for amino acid composition analysis.
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